Coagulation-flocculation is a relatively simple technique that can be used successfully for the treatment of old leachate by poly-aluminum chloride (PAC). The main objectives of this study are to design the experiments, build models and optimize the operating parameters, dosage m and pH, using the central composite design and response surface method. Developed for chemical organic matter (COD) and turbidity responses, the quadratic polynomial model is suitable for prediction within the range of simulated variables as it showed that the optimum conditions were m of 5.55 g/L at pH 7.05, with a determination coefficient R² at 99.33%, 99.92% and adjusted R² at 98.85% and 99.86% for both COD and turbidity. We confirm that the initial pH and PAC dosage have significant effects on COD and turbidity removal. The experimental data and model predictions agreed well and the removal efficiency of COD, turbidity, Fe, Pb and Cu reached respectively 61%, 96.4%, 97.1%, 99% and 100%.
INTRODUCTION
The leachate is a dark aqueous effluent generated as a consequence of rainwater percolation, inherent moisture content of then solid wastes, water production due to chemical and biochemical processes and ground water entering into the waste (Rasool et al. ) . The composition of leachate depends on landfill age, percolation, precipitation and the type of solid waste. Complex quality and the presence of hazardous and toxic materials in landfill leachate along with low BOD 5 :chemical organic matter (COD) ratio limit the application of biological processes (Tatsi et al. ; Ghanbari ) .
Among the various physical-chemical technologies, coagulation-flocculation is widely used in pre-treatment of leachate for prior biological or for other physico-chemical process (Tatsi et al. ; Wang et al. ; Verma & Kumar ) . Factors such as pH, coagulant dose and coagulant type play important roles in the coagulation-flocculation process (Liu et al. ) . Coagulation-flocculation can reduce COD, turbidity, colour and metals with a high effectiveness that depends on contaminant and the coagulant/flocculant type (Marañón et al. ; Boumechhour et al. ; Verma & Kumar ) . This technique has been employed successfully for the treatment of old landfill leachates (Ghafari et al. ) . Indeed, it has been reported that conventional coagulants are efficient for removing COD; it reaches a rate of 10% to 25% from young leachates and 50% to 65% from old leachates (Nurfarahim et al. ; Nofriady et al. ) . In recent years, the use of polymerized forms of metal coagulants, such as poly-aluminum chloride (PAC) for water treatment, has increased. The widespread use of the latter coagulants when compared to the conventional ones, especially in Europe, Japan and North America, is due to their reduced cost as well as higher efficiency and wider availability (Ghafari et al. ; Zhe et al. ) .
Municipal solid waste (MSW) generated in the Principality of Asturias (Spain) is deposited in a central landfill which started operating in January 1986. This landfill is managed by the Consortium for the Management of Solid Waste, COGERSA. The landfill occupies a surface area of 250 ha and it receives approximately 550,000 tonnes of MSW per year, with about 38% content of organic matter (Marañón et al. ) .
Usually used for optimization of chemical processes in wastewater treatment, response surface method (RSM) is a statistical tool that evaluates relative significance of independent variables. Moreover, the parameters optimization with RSM can be performed even for a limited number of experiments and RSM offers also an empirical model for the responses (Liu ; Ghanbari ). Analysis of variance (ANOVA) provides the statistical results and diagnostic checking tests which enables researchers to evaluate adequacy of the models (Ghafari et al. ) . The aim of the present work is to optimize the coagulation-flocculation process for leachate treatment with PAC using central composite design (CCD) and RSM. This study details the individual and interactive influences of two independent variables (i.e. coagulant dose and pH) on the removal of COD and turbidity from landfill leachate.
METHODS

Coagulation-flocculation
Five leachate samples (n ¼ 5) were collected from the central landfill in 20-L plastic containers, transported to the laboratory and stored at 4 W C. Physicochemical analyzes were performed in triplicate over the following 2 days. pH, conductivity and turbidity were measured using a CRISON pH 25 Coagulation-flocculation studies were performed in a conventional jar-test apparatus equipped with 6 × 500-mL volume beakers. The experimental process consisted of three successive stages: an initial rapid mixing stage that took place for 3 min at 180 rpm, followed by a slow mixing stage for 17 min at 40 rpm, then, after a settling period of 60 min, the supernatant was withdrawn from the beaker and analyzed. Mother solutions containing 18% of PAC were prepared for the coagulation experiments. The variables studied were pH and reagent dose (m). The pH values of samples were adjusted to the desired levels by the addition of an appropriate amount of HCl solution.
The doses of PAC studied were 5 to 6 g/L and the analyzed pH varied between 6.7 and 7.5.
Experimental design and data analysis
The coagulant dosage and pH were optimized for maximum reduction in the two factors (COD and turbidity) as main factors in coagulation process using CCD. The latter was selected for the present study because of its very efficient design tool for fitting the second-order models (Ghanbari ) . The experiments were performed using the Minitab Software Trial (version 16). The range of the selected pH values and the dosages, pH ¼ 6.7 to 7.5 and m ¼ 5 to 6 g/L, are chosen according to the references (Ghafari et al. ; Marañón et al. ) as well as according to a large number of experiments. The carried out CCD contains 13 experiments with four cube points (±1), four axial points (α ± 1.414), and five replicates at the center points (0). Denoting α for the distance of each axial point (also called star point) from the center in a CCD, the experimental levels of the independent variables (factors) are presented in Table 1 .
Second-order polynomial response model for predicting the optimal conditions and revealing the interaction between the two factors, can be expressed according to expression (1) (Ghanbari ).
where β 0 is the constant coefficient; β i , β ij and β ii are the regression coefficients of linear, interaction, and quadratic term, respectively; k the number of factors; Y is the predicted response; x i and x j are independent factors in coded units and ε is the error term ( Adjusted R 2 measures to which extent the model fits well the data when the number of predictors in the model is adjusted. Moreover, adjusted R² is also considered in the lack-of-fit test for the degrees of freedom, which should be an approximate value of R² (Thuy & Lim ) . The Pvalue is used as a tool to check the significance of each factor and interaction between factors with 95% confidence level. For small P-value, the corresponding model and the individual coefficient get more significant (Thuy & Lim ) . Three-dimensional plots and their respective contour plots were established and the optimum region was identified based on the main factors in the overlay plot. Response optimizer in Figure 4 is an optimization plot that shows the affect of each factor (columns) on the responses or composite desirability (rows). The vertical red lines on the graph represent the current factor settings.
The numbers displayed at the top of a column show the current factor level settings (m and pH). The horizontal blue lines and numbers represent the responses for the current factor level (COD and turbidity). Finally, confirmatory experiments were performed in triplicate using the optimized conditions obtained from numerical optimization to validate the model. The average values of the experiments were compared with the predicted values by the model in order to quantify the accuracy and suitability of the model (Pooja ).
RESULTS AND DISCUSSION
Physico-chemical characteristics
Physicochemical characteristics of leachate are summarized in Table 2 . Leachate had a pH of about 8.6. Biodegradable organic matter (BOD 5 ) reached values of up to 1,100 mg/L, whereas high concentrations of COD were measured around of 4,539.4 mgO 2 /L. On the other hand, leachate presented a relatively low biodegradability ratio BOD 5 :COD of 0.24 and high levels of heavy metal contents. According to its characteristics, the effluent was classified as an 'old leachate' (Boumechhour et al. ) .
Statistical analysis
The relationship between the two variables (coagulant dosage and pH) and the two responses (COD Y 1 and turbidity Y 2 removal efficiency) for the coagulation-flocculation process was analyzed using response surface methodology (RSM). Significant model terms are required to obtain a suitable fit in a particular model. The CCD shown in Table 3 allowed the development of mathematical equations where predicted results COD and turbidity were assessed as a function of coagulant dosage (x 1 ) and pH (x 2 ). The equations of the models (2, 3) in terms of coded factors are given below: Y 1 % ð Þ ¼ À4654:6 þ 630:9x 1 þ 839:8x 2 À 40:8x 2 1 À 49:9x 2 2 À 24:7x 1 x 2 (2) Y 2 % ð Þ ¼ À4780:6 þ 271:2x 1 þ 1170:9x 2 À 41:4x 2 1 À 93:1x 2 2 þ 26x 1 x 2
According to ANOVA results presented in Table 4 , a quadratic polynomial model was statistically significant to represent the real relationship between the COD and turbidity removal efficiency of the coagulant and the variables, with a very a high R² of 99.33 and 99.92 and adjusted R² of 98.85 and 99.86 for COD and turbidity, respectively (Rasool et al. ) . In other words, when R² and adjusted R² are considerably different, there is a chance that insignificant terms have been included in the model (Myers & Montgomery ) . Since both values were close in this study, the above possibility was proved to be invalid. Furthermore, it is possible for models with high R² coefficient to yield poor predictions of new observations. As an indicator of predictive capability of regression model, R² prediction has been proposed and is calculated from the prediction of the residual error sum of squares (PRESS) (Myers & Montgomery ; Montgomery ). R 2 prediction should be in a reasonable agreement with the adjusted R 2 (Yuyang Table 4 show that the F-statistic was insignificant, indicating significant model correlation between the factors and process responses. The predicted versus actual values plots of parameters removal are shown in Figure 1(a) and 1(b) . These plots indicate a good agreement between experimental data and the fitted models. Correlation coefficient of 0.993 and 0.999 reveal the high validity of the obtained models for COD and turbidity removals.
Process analysis and optimization
The response surface plots shown in Figure 2 (a) and 2(b) indicated that the optimum removal was found at about pH 7.05 and dosage 5.55 g/L. Clear peaks for both response plots are presented which means that the optimum conditions for maximum values of the responses are attributed to pH and dosage in the design space. At this condition, the response surfaces suggested that coagulant dosage and pH had a significant effect on the COD and turbidity removal. Indeed, the removal of COD and turbidity showed, respectively, 60.95% and 96.38% efficiency that agree with findings of Mohd et al. () and Marañón et al. () for an old leachate. Figure 3(a) shows how PAC dose and pH affect the COD removal efficiency. It can be deduced that COD removal increases when pH decreases and PAC dose increases at the same time. As illustrated in the contour plot in Figure 3(b) , it was observed that turbidity removal increases as we move from the corners toward the center of the plot. The contour levels reveal a peak centered at pH 7.05 and coagulant dose 5.55 g/L. Response optimizer is applied in order to optimize the coagulation conditions. The goal is to target (Targ) COD and turbidity at 100%. As shown in Figure 4 , the optimum condition obtained was pH ¼ 7.049 and coagulant dose ¼ 5.55 g/L. The predicted values are 60.96 and 96.37% for COD and turbidity, respectively.
Desirability ranges between one for the ideal case and zero when responses are outside their acceptable limits. The individual desirability d of both COD and turbidity is 0.999. Therefore, the composite desirability D of these two variables is 1.0. As shown in Figure 5 , the optimum conditions of COD and turbidity responses can be also identified by superimposing their contours in an overlay plot in which the optimum area is clearly noted in blank against the green area that did not meet the criteria.
Triplicate experiments are conducted applying the optimum conditions (pH ¼ 7.05 and PAC dosage 5.55 g/L). Table 5 demonstrates that the removal effectiveness, for both responses, from experiment results which agree well with the model predictions. Removal efficiencies and standard deviations of responses are respectively 60.4% and 0.39 and 97.7% and 0.93 for COD and turbidity. In addition, high removal percentages of about 97.1%, 99% and 100% are found for Fe, Pb and Cu heavy metals, respectively. As foreseen, these results confirm the good reproducibility of the proposed models in the design range.
CONCLUSION
RSM using CCD was investigated to examine the effects of pH and coagulant dose on the productiveness of PAC coagulation-flocculation process. The optimum conditions obtained were 5.55 g/L at pH 7.05. The results showed suitable agreement between experimental and model predictions. At optimum conditions, 61%, 96.4%, 97.1%, 99% and 100% for COD, turbidity, Fe, Pb and Cu removal were achieved. Therefore, this study showed that PAC is an efficient coagulant in improving physico-chemical characteristics of leachate. For this reason, it can be used as an appropriate pretreatment of old landfill leachate.
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